UGA codons. In this report, we show through in vitro and in vivo studies that the human and Xenopus opal suppressor phosphoserine tRNAs are synthesized by a pathway that is, to the best of our knowledge, unlike that of any known eukaryotic tRNA. The primary transcript of this gene does not contain a 5'-leader sequence; and, therefore, transcription of this suppressor is initiated at the first nucleotide within the coding sequence. The 5'-terminal triphosphate, present on the primary transcript, remains intact through 3'-terminal maturation and through subsequent transport of the tRNA to the cytoplasm. The unique biosynthetic pathway of this opal suppressor may underlie its distinctive role in eukaryotic cells.
Transcription initiation of eukaryotic tRNAs begins at a purine nucleotide in the 5' flank near the coding sequence of the gene (1, 2) . The 5'-leader sequence must, therefore, be removed during maturation. Transcription termination occurs at a cluster of thymidine residues in the 3' flank oftRNA genes (3) , and the 3'-trailer sequence must also be removed. tRNAs are transcribed by RNA polymerase III. Following transcription and maturation, tRNAs are rapidly transported from the nucleus to the cytoplasm (4, 5) .
In this study, we have determined the transcription, processing, and transport of an opal suppressor phosphoserine tRNA, which has been described in higher vertebrates (6) (7) (8) . In fact, two opal suppressor phosphoserine tRNAs that arise from a single gene (9) (10) (11) have been identified (7) . These isoacceptors manifest several distinctive characteristics that set them apart from all other eukaryotic tRNAs. (i) They are aminoacylated by seryl-tRNA synthase even though one of the isoacceptors has a tryptophan anticodon (6) . (ii) They are 90 nucleotides long and thus are the longest tRNAs sequenced to date (6) (7) (8) . (iii) They are highly undermodified (6) (7) (8) . (iv) They contain two extra nucleotides between the universal uridine at position 8 and an adenosine at position 14 (6-8) . (v) They contain an extra unpaired nucleotide within the stem of loop IV (6) (7) (8) . (vi) They differ in their primary sequences by several pyrimidine transitions including one in the wobble position of their anticodons (7) , and these transitions must occur post-transcriptionally since both species are encoded by the same gene (9) (10) (11) (12) . (vii) They are phosphorylated on their serine moiety by a kinase to form phosphoseryl-tRNA (7, 13) . The genes corresponding to the human (10), rabbit (11) , chicken (9) , and Xenopus (unpublished results) opal suppressor phosphoserine tRNAs have been isolated and sequenced. The human and rabbit genes are identical in sequence and differ from those of Xenopus and chicken by a single pyrimidine transition at position 11. As shown in this study, transcription of the opal suppressor phosphoserine tRNAs begins at the first nucleotide within the coding sequence of the gene, the 3'-trailer sequence that is produced during transcription is processed by a purified 3'-processing enzyme (3' pre-tRNase) (14) , and the mature tRNA is transported from the nucleus to the cytoplasm demonstrating that it is a cytoplasmic species. (14) . Preparation of Xenopus oocytes, microinjection of plasmids and oflabeled nucleoside triphosphates into Xenopu$ oocytes, and microdissection of Xenopus oocytes have been described elsewhere (4, 5) . Preparation oftranscription products from HeLa cell extracts and from Xenopus oocytes, separation of precursor and mature tRNAs on polyacrylamide gels, and precursor and mature tRNA isolations were carried out as described (4, 5, 14) . Digestion of labeled precursor and mature tRNAs with T1 RNase, fingerprinting the resulting products, and identification of nucleotides and oligonucleotides on fingerprints were the procedures of Silberklang et al. (15 date contain sequences at both the 5' and 3' termini that are removed endonucleolytically to yield the mature sequence (2) . To establish the structure of the primary transcript of the vertebrate opal suppressor tRNA gene, the Xenopus gene was transcribed in vitro in HeLa cell extracts in the presence of [a-32P]GTP. The products were separated on a polyacrylamide gel, and a number of discrete bands were observed (Fig. 1, lane 1) . To determine which bands corresponded to opal suppressor tRNA gene transcripts, each of the major bands designated a-e in lane 1 was extracted from the gels and incubated in HeLa cell extracts. Only the band designated d was altered by further incubation. This band was processed to band e suggesting that band d was the primary transcript and that band e is the mature transcript. This observation was confirmed by fingerprinting (see below); therefore, band d is also designated pre-tRNAser, and band e is tRNAser in the figure. The larger bands (designated a, b, and c) most certainly represent transcripts from the insert and vector that initiate and terminate at sites other than those involving the opal suppressor tRNA gene.
MATERIALS AND METHODS

Materials
Bands d and e in Fig. 1 were subjected to RNase T1 fingerprint analysis. The result of this analysis demonstrated that these two bands were derived from transcription of the Xenopus gene (Table 1 ). Both species display the expected oligonucleotides based on the DNA sequence of the tRNA gene. Surprisingly, each species yielded guanosine 3'-phosphate 5'-triphosphate (pppGp) on T1 RNase digestion ( Table  1) . The presence of a triphosphate on the 5' terminal nucleotide was confirmed by digestion with nuclease P1, followed by electrophoresis on cellulose acetate and by chromatography on PEI-cellulose plates. The amount of pppGp was less than the expected amount in each digest. Although the possibility exists that the opal suppressor tRNA may be transcribed from different initiation sites (17) , which would account for the less than expected amount of pppGp observed in T1 digests, it seems more likely that a portion of the 5'-terminal triphosphate may be modified during maturation or may be degraded during digestion (see below). Similar results as those observed with the Xenopus gene transcripts were also obtained from the fingerprint analysis of the human tRNA gene transcripts (see Table 1 ).
The 3' terminus was established by RNase T1 digestion of the transcription products synthesized in the presence of [ac-32P]UTP. RNA fingerprint analysis revealed that only the band corresponding to that designated 3' pre-tRNAser in 1 contains a 3' terminus, and about 90% of this material has a 3' terminus that extends from the end of the mature coding region to the first thymidine residue within the termination tract (i.e., at the 99th base; see Table 1 ). Minor species corresponding to transcripts terminating at each of the four thymidine residues within the major termination sequence and at the thymidine residue at position 93 were also identified. The primary transcript of the Xenopus opal suppressor deduced from these analyses is shown in Fig. 2 . The most striking feature of this RNA species is that it does not contain a 5'-leader sequence. In vitro, furthermore, the mature tRNA that is cleaved of its 3' terminus still retains the 5' terminus of the primary transcript.
The Primary Transcript Is Processed Exclusively at Its 3' End. All eukaryotic tRNA species studied to date are derived from nucleolytic processing of their corresponding primary transcripts by the action of endonucleases that remove both 5' and 3' termini (2). The enzymes that process these precursors have been purified from X. Iaevis ovaries (14, 16) . A striking feature of these enzymes is that they process pre-tRNA transcripts in a distinct order, 5' processing preceding 3' processing (2, 14, 16) . The order derives from the substrate specificity of the 3-processing enzyme, which requires prior 5' processing of the primary transcript before the species can be utilized as substrate (2, 14, 16 When the primary transcript of the Xenopus opal suppressor gene was incubated in the presence of purified Xenopus 5' pre-tRNase, no processing of the species was observed (Fig. 3, lanes 2-4) . In contrast, purified Xenopus 3' pretRNase readily cleaved the precursor to the mature species (lanes 5 and 6). Simultaneous exposure of the substrate to both enzymes had the same effect as seen with the 3' enzyme alone (lanes 7 and 8) . These data demonstrate that the opal suppressor primary transcript may be processed by the same endonuclease that removes the 3' trailer from other tRNAs (14) . Furthermore, 5' processing of the primary transcript is not required for 3'-end processing -of this species, demonstrating that the 5'-terminal guanosine 5'-triphosphate (pppG) need not be removed for nucleolytic maturation of the primary transcript to occur. Through manual microdissection of Xenopus oocytes, the intracellular distribution of RNA species generated on transcription can be studied (4) . By such methods, regions of the tRNA molecule critical for tRNA nuclear transport have been mapped (5) . To define the transport behavior of the Xenopus opal suppressor tRNA, the gene was introduced into the nucleus of the X. laevis oocyte, and the cell was subsequently dissected into nuclear and cytoplasmic fractions. As shown in Fig. 4 , the opal suppressor tRNA is transported into the cytoplasm, establishing it as a cytoplasmic species. It is curious, however, that considerable intranuclear tRNA accumulates, in marked contrast to what is observed when tRNAMCe is studied by analogous methods (4, 5) . In the latter case, <10o of human tRNAMCC remains in the nucleus 2-3 hr after microinjection of the gene (4, 5) . The basis for this difference remains uncertain. However, the intracellular distribution of the opal suppressor shown in Fig. 4 is not a measure of the transport properties of this tRNA. tRNA nuclear transport can be measured by introduction of the mature tRNA into the nucleus of the Xenopus oocyte (4) . To define the transport properties of the opal suppressor tRNA, we compared the nuclear transport behavior of the bovine opal tRNA1r and a major species of bovine tRNASer by our standard technique (4). As shown in Table 2 , after direct introduction into the oocyte nucleus, both tRNA species displayed comparable rates of nuclear transport. The kinetics of transport observed for the opal suppressor in this system (tv2 is 11 min) is very similar quantitatively to that observed for vertebrate tRNAMCe (4, 5) . We conclude that the Opal and Ser designate opal suppressor tRNA and serine tRNAI (18) , respectively. These tRNAs were purified first by RPC-5 chromatography and then by polyacrylamide gel electrophoresis (6, 7) . Each tRNA was labeled with 32P at its 5' end as described (9) . 32P-labeled tRNAs were injected into the nucleus of Xenopus oocytes, and, after 10 min, oocytes were fixed and microdissected. tRNA content in each compartment was determined by liquid scintillation counting as described (4) . % transport from the nucleus represents that fraction of the total tRNA (nucleus + cytoplasm) present in the cytoplasm.
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opal tRNAser has transport properties characteristic of a cytoplasmic tRNA. In Vivo Transcription of the Opal Suppressor tRNA Gene. The striking preservation of the 5' terminus ofthe primary transcript in the mature tRNA observed in vitro was further examined on the mature tRNA species produced in the X. laevis oocyte after gene introduction. The tRNA accumulating in the cytoplasm of the oocyte was recovered, gel purified, and subjected to RNase T1 fingerprint analysis (Fig. 5) . Each nucleotide and oligonucleotide is identified on the fingerprint. It is important to note the occurrence ofthe 5' nucleotide pppGp in the cytoplasm. No guanosine 3'-phosphate 5'-phosphate (pGp) or guanosine 3'-phosphate 5'-diphosphate (ppGp) was detected on the fingerprints. The spot that runs slightly above pppGp in the second dimension was not identified. It may be a degradation product of pppGp that occurs during the transfer of the digest from cellulose acetate strips to DEAE-cellulose plates following electrophoresis or that occurs during homochromatography in the second dimension. It is also possible that this material could represent a modification of a portion of the 5' nucleotide. Since the amount of radioactivity in this spot coupled with that found in pppGp closely approximates the expected value of 1.0 shown in Table 1 (7) .
In addition to the number of distinctive characteristics manifested by the opal suppressor phosphoserine tRNAs that were noted above, these isoacceptors may also have an specific cellular function. The fact that they read the termination codon UGA in protein synthesis (6, 7) and are phosphorylated on their serine moiety (7, 13) suggests that these tRNAs donate a modified amino acid directly to protein in response to specific UGA codons. A mRNA from Sindbis and from Middleburg viruses (19) and mouse glutathione peroxidase mRNAs (20) (21) , which agrees with the possibility that the opal suppressor phosphoseryl-tRNA may be involved in the occurrence of selenocysteine in glutathione peroxidase. Whether the opal suppressor phosphoseryltRNA may be involved in the occurrence of selenocysteine in glutathione peroxidase remains to be established.
